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ABSTRACT 

A detailed study spanning approximately a year has been conducted on the Type lb supernova 
2007Y. Imaging was obtained from X-ray to radio wavelengths, and a comprehensive set of multi- 
band {w2m2wlu'g'r'i'UBVYJHKs) light curves and optical spectroscopy is presented. A virtually 
complete bolometric light curve is derived, from which we infer a ^^Ni-mass of 0.06 Mq. The early 
spectrum strongly resembles SN 2005bf and exhibits high- velocity features of Ca II and Ha; during late 
epochs the spectrum shows evidence of a ejecta-wind interaction. Nebular emission lines have similar 
widths and exhibit profiles that indicate a lack of major asymmetry in the ejecta. Late phase spectra 
are modeled with a non-LTE code, from which we find ^^Ni, O and total-ejecta masses (excluding 
He) to be 0.06, 0.2 and 0.42 Mq, respectively, below 4,500 km s'^ The ^''Ni mass confirms results 
obtained from the bolometric light curve. The oxygen abundance suggests the progenitor was most 
likely a «3.3 Mq He core star that evolved from a zero-age-main-sequence mass of 10-13 Mq. The 
explosion energy is determined to be wlO^" erg, and the mass-loss rate of the progenitor is constrained 
from X-ray and radio observations to be < 10~^ Mq yr^^. SN 2007Y is among the least energetic 
normal Type lb supernovae ever studied. 

Subject headings: galaxies: individual (NGC 1187) — supernovae: general — supernovae: individual 
(SN 2007Y) 
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1. INTRODUCTION 

A decade has passed since it was first recognized that 
some extragalactic gamma-ray tra nsients could be linke d 
to the death of massive stars (jCalama et al.l Il998l ). 
Soon afterwards the connection between long gamma- 
ray bursts (GRBs) and energetic Type Ic supe r novae 
(SNe Ic) was firmly established (iHiqrth et ap |2003|; 



Matheson et al.l 



nrmly 



Stanek et al 



iMalesani et al.l 



20041) . Over the last several years it has also become 
clear that some X-ray flashes, a less energetic version 
of GRBs, ar e produc ed by a similar type of SN Ic 
(iFvnbo et al.|[2004: Modiaz et al.ll200l: iPian et al.ll2006l : 
ISollerman et al.ll2006l l 

Recently, X-ray emission was detec ted from t he He-rich 
Type lb SN 2008 D (Sodcrbc rg et al.|[2 008: Ma zzali et all 
120081 IMalesani et al.i i2009l : iModiaz et all \2QM)- This 
finding has given fresh impetus to the study of nor- 
mal SNe lb, which has been somewhat neglected, only 
a handful of events having been well-observed. In this 
article we report detailed observations, obtained through 
the course of the Carnegie Supernova Project (here after 
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CSP; Hamuy et al. 2006), of the Type lb SN 2007Y. The 
earliest spectra of this event bear a striking resemblance 
to the unusual Type lb SN 2005bf (|Anupama et al.ll200a 
iFolatelH et al.r 2006'). however its light curves exhibit a 
more ordinary evolution. 

SN 2007Y (see Fig. 1) was discovered in the nearby sp i- 
ral galaxy NGC 1187 on Feb. 15.77 UT^o (jMonar J2007l ) . 
and was initially cla ssified as a young peculiar SN Ib/c 
(IFolatelH et al.H2007[ ). As this was a young and nearby 
supernova it made an excellent target for our follow-up 
program. 

In this article a comprehensive set of X-ray, ultra- 
violet, optical, near-infrared and radio observations of 
SN 2007Y are presented to gain insight into the explosion 
physics, and determine the stellar evolutionary path of 
the progenitor. X-ray and ultraviolet observations were 
carried out with the X-Ray Telescope (XRT) and the 
Ultravio let Optical Telescop e (UVOT) aboard the Swift 
sateUite (|Roming et al.|[2005l) . Early-phase spectroscopy 
and imaging was collected at Las Campanas Observa- 
tory (LCO). Late-time spectroscopy and imaging came 
from facilities at LCO and at the European Organisation 
for Astronomical Research in the Southern Hemisphere's 
(ESO) Paranal and La Silla Observatories. Finally, our 
radio observations were obtained with the Very Large 
Array. 

In § 2 a concise description of the observations is 
given. More complete details regarding the data reduc- 
tion methods applied to the optical and near-infrared 
observations can be found in the Appendix. Section 3 
contains the analysis of the data, while the discussion is 
presented in § 4. We conclude with a summary in § 5. 

2. OBSERVATIONS 

Six weeks of imaging was obtained at LCO covering 
the flux evolution from —14 to -1-41 days past maximum 
hght.22 Optical imaging was performed with a set of 
Sloan u'g'r'i' and Johnson B and V filters, while in the 
ne a.r-infrared a se t of JH Kg filters identical to those used 
by iPersson et a l.' (1998 !) were employed. The Y band 
is defined in [Hillenbrand et al.l (j2002), and details con- 
cerning its calibration are given in jHamuv etZaD (|2006L 
hereafter Paper I) and IContreras et al.. ((2009f l. In ad- 
dition, two epochs of optical and near-infrared imaging 
were conducted at late epochs with the VLT. 

Nineteen epochs of early phase photom etry obtained 
with UVOT and originally published in iBrown et al.l 
(I2OOI are also included in our analysis. These data were 
obtained with w2m2wlUBV passbands and are critical 
to calculating a nearly complete bolometric light curve. 
SN 2007Y was also observed with XRT. No X-ray emis- 
sion was detected, but these observations allow us to 
place an upper limit on the mass-loss rate of the pro- 
genitor prior to explosion. 

Early and late phase radio monitoring spanning from 
—8 to 653 days past maximum were obtained with the 
VLA. With these observations constraints are placed on 
the mass-loss rate of the progenitor star and the interac- 

Universal Time (UT) is used through out this article. 

The Very Large Array is a facility of the National Science 
Foundation operated under cooperative agreement by Associated 
Universities, Inc. 

Maximum light refers to the time of peak bolo met ric bright- 
ness (Lmax), i.e. March 3.5 or JD-2454163.12 (see ^[Tit. 



tion of circumstellar material (CSM) with the supernova 
shock wave. Our radio observations are complementary 
to the XRT observations and provide a more stringent 
limit on the mass-loss rate. 

Table 1 contains the positions and average magnitudes 
of the optical and near-infrared local sequence stars used 
to compute final photometry from the CSP images. The 
definitive optical a.nd ii ear-infrared photometry in the 
standard iLandoltl (|l99j ) (BV) and ISmith et all (|2002l ) 
(u'g'r'i') systems are given in Table 2 and Table 3, re- 
spectively. 

Early phase ultraviolet, optical, and near- infrared light 
curves of SN 2007Y are shown in Fig. [2l Late phase pho- 
tometry is combined with the corresponding early epoch 
light curves in Fig. [3l Note, the VLT optical images 
were taken with a set of facility Johnson Kron-Cousins 
BVRI and the near-infrared images with Jg HKs filters 
(jPersson et al.lll998HHillenbrand et al.ll2002f) . 

A total of twelve epochs of long slit optical spec- 
troscopy were collected over the course of ~300 days. Ta- 
ble 4 contains the journal of spectroscopic observations 
and gives details concerning the telescope, instrument 
setup, and final data product. The spectra corrected to 
the rest frame of the host galaxy are presented in Fig. 21 
For clarity each spectrum has been shifted below the top 
one by an arbitrary constant. The number in parenthe- 
ses gives the epoch with respect to Lmax- Four of these 
spectra were taken when the ejecta was fully nebular. A 
subset of these are modeled in order to derive physical 
parameters of SN 2007Y (see §[3l7|. 

3. ANALYSIS 
3.1. Distance and reddening 

With coordinates of a = 03''02™35?92 and 6 = 
-22°53'50.1", SN 2007Y was located 24" west and 123" 
south of the nucleus of NGC 1187; well outside of any 
spiral arm. The NASA/IPAC Extragalactic Database 
(NED) lists a heliocentric recessional velocity for this 
galaxy of 1390 km s~^ With a valu e of Ho = 72±8 
km s~^ Mpc~^ (jFreedman et al.l [20011 ) and adopting a 
400 km s~^ uncertainty in the redshift distance, the dis- 
tance to NGC 1187 is 19.31±5.56 Mpc (/x = 31.43 ± 
0.55). If this distance is corrected for Virgo infall it be- 
comes 10% smaller. In this paper we will use the more 
traditional heliocentric distance, but note that a Virgo 
infall corrected distance would make our estimated values 
of the peak absolute magnitude, luminosity, and mass of 
s^Ni about 10% less. 

According to the infr a red dust maps of 
ISchlegel. Finkbeiner. fc Davis! (|1998l ) the reddening 
due to the Milky Way in the dhection of NGC 1187 is 
E(S-l/)gai = 0.022 mag. The optical colors of SN 2007Y 
near peak brightness (see below) are relatively blue, 
suggesting minimal host galaxy extinction. A spectrum 
obtained near maximum light shows the presence of a 
weak Na I D absorption feature at the redshift of the 
host galaxy with an equivalent width of 0.56 A. Using 
the relationship betwee n the equivalent width of the 
Nal D and E(B-V) (seelTuratto. Benetti. fc Cappellarol 
l2003t iTaubenberger et al.l l2006f l suggests a host galaxv 
reddening of E(_B — F)host = 0.09 mag. Combining this 
with the Galactic reddening gives E(i? — T^)tot — 0.112 
mag. This value is adopted in the subsequent analysis. 
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3.2. X-Ray Observations and Limiting Luminosity 

Swift X-Ray Telescope (XRT; Burrows et al. 2005) 
observations were obtained simultaneously with the 
UVOT observations. To search for X-ray emission from 
SN 2007Y, we extracted X-ray counts from a circular re- 
gion with a 10 pixel radius (23'.'7, corresponding to the 
XRT on-axis 90% encircled energy radius) centered on 
the optical position of the SN. The background was ex- 
tracted locally from a source-free region of radius of 40" 
to account for detector and sky background, and for dif- 
fuse emission from the host galaxy. 

No X-ray source is detected in the merged 66.5 ks XRT 
data obtained in photon-counting mode. The 3(T upper 
limit to the XRT net count rate is 2.63 x 10^^ cts s^^, 
corresponding to an unabsorbed fO.2-10 keV band) X- 
ray flux of /0.2-10 < 1-24 x 10~^^ erg cm~^ s~^ and a 
luminosity Lo.2-10 < 5.5 x 10'^^ erg s~^ for an adopted 
thermal pla sma spectrum with a tem peratur e of k T = 
10 keV (see iFransson. Lundqvist fc~Chevaheiill996l and 
references therein), a Gala ctic foreground column de nsity 
of iVn = 1.91x10^0 cm-2 (jPickev fc Lockman|[l99l and 
a distance of 19.31 Mpc. 

In order to search for a possible late X-ray turn-on 
phase, we binned the XRT data into two time intervals 
ranging from day —14 to -1-23 and day -1-290 to -1-387 with 
exposure times of 56.5 ks and 10.1 ks, respectively. No X- 
ray source is found at the position of SN 2007Y in either 
of the two epochs, down to 3(t limiting luminosities of < 
6.5 X 10^^ erg s~^ and < 1.9 x lO'^^ erg s~^, respectively. 

The lack of X-ray emission can be used to put loose 
limits on the mass-loss ra te of the progenitor system. 
Following the discussion in llmmler et al.l ()2007l . and ref- 
erences therein), an upper limit to the mass- loss rate of 
M « 2 x 10"^ Mq yr"i (vw/10 km s~^) with an uncer- 
tainty of a factor of 2-3 is obtained. In this calculation 
the model assumes thermal emission, which is more ap- 
propriate for Type II SNe. In addition the wind velocity 
of Wolf-Rayet stars is known to be of the order of 1000 
km s^^. Taking this into account then implies a limit on 
the mass- loss of ~ 2 x lO"'^ Mq yr~^. To obtain a more 
robust estimate on the mass-loss rate we turn to con- 
straints provided by the radio observations (see 13. 8p . 

3.3. Ultraviolet, Optical and Near-infrared Light Curves 

The nicely sampled ultraviolet, optical, near-infrared 
light curves presented in Fig.[5]constitute one of the more 
complete collections obtained for a He-rich SN lb. 

Under close inspection the CSP and UVOT B- and V- 
band light curves exhibit excellent agreement with one 
another. However, the J7-band light curve of UVOT is 
systematically '^0.7 mag brighter than CSP's u'-band 
light curve. This is not surprising considering the ap- 
preciable difference between the transmission functions 
of these two filters. The w'-band has an effective wave- 
length Xeff = 3681 A and a FWHM of 487 A, while the 
[/-band has Xejf = 3465 A and a FWHM of 785 A. 

To see if this discrepancy could be attributed to the 
differences in filter transmissivities we performed an ex- 
periment using spectrophotometry of SN 2007Y. First, 
appropriate zero-points were computed for each pass- 
band using a library of spec trophotometric flux stan- 
dards (jStritzinger et al.]|2005[ ). Armed with these zero- 
points and the early phase spectra that had their wave- 



length coverage extended to the atmospheric cutoff by as- 
suming zero flux, synthetic magnitudes of SN 2007Y were 
determined for the two passbands. We find the f7-band 
filter consistently gives synthetic magnitudes brighter 
than w'-band, and the disparity is in agreement with the 
average difference between the broad-band magnitudes. 

Figure [H shows the {u' — B) and {B — V) color curves 
of SN 2007Y, both of which track photospheric tem- 
perature variations. Included for comparison are the 
color curves of two we ll-observed SNe lib: SN 2008ax 
(iPastorello et all 120081) and SN 2008aq (CSP paper in 
preparation). Also includ ed is the (B-V) color c urve of 
the Type lb SN 1999ex (jStritzinger et al.|[200l ). The 
color curves of each SNe have been corrected for extinc- 
tion using reddening values of E(_B — V) of 0.30, 0.11, 
0.05 and 0.30 for SN 1999ex, SN 2007Y, SN 2008aq and 
SN 2008ax, respectively. As the brightness of the su- 
pernova increases the photospheric temperature also in- 
creases, which in turn, causes the color curves to evolve 
to the blue. Specifically, the color of SN 2007Y decreases 
from a value of {B-V) = 0.47 on day -12.8 to {B - V) 
= 0.06 on day —4.3. The colors then evolve monotoni- 
cally back to the red where {B — V) = 1.0 on day -1-31.2. 
Then the colors moved marginally back towards the blue. 
Interestingly, around 3 weeks past maximum the UVOT 
ultraviolet light curves appear to stop declining in bright- 
ness. Although UVOT observations were discontinued 
near this epoch the u'-band light curve indicates that the 
flux in this passband not only stopped declining but actu- 
ally increased(!). Specifically, the u' band decreases from 
19.800 mag on day -^22 to 19.408±0.110 nineteen days 
later. This phenomenon coincides with a (it' — B) color 
evolution to the blue that is more prevalent than in other 
He-rich core-collapse SN like SN 2008ax (see bottom 
panel of Fig. . A blue excess is also seen in SN 2008aq 
where the w'-band light curve becomes brighter by 0.63 
mag from day 4-30 to -1-96. This is followed by a dimming 
of the u' light curve by 0.55 mag from day -1-96 to -f 123. 
Notice in the bottom panel of Fig. [5] the {u' — B) col- 
ors curves of SN 2007Y and SN 2008aq are very similar 
between days -1-25 and -1-35. 

The excess in ultraviolet emission could be connected 
to a change in opacity of the ejecta. Unfortunately the 
spectra do not extend far enough in the blue to deter- 
mine if the spectral energy distribution of the supernova 
actually increases in the region covered by the w'-band fil- 
ter. Alternatively, this could be the consequence of shock 
heating produced from the inte raction of high-vel ocity 
supernova ejecta with CSM (e.g. llmmler et al.ll2006f ). As 
we will see below there is evidence in the late epoch op- 
tical spectrum of such an interaction. 

We now turn to the broad-band absolute magnitudes 
of SN 2007Y. First the time and observed magnitude at 
maximum light of each filter light curve was estimated 
with the use of moderate order (5-8) polynomial fits; 
these values are given in Table 5. Similarly to other 
SNe Ib/c, the ultraviolet /blue hght curves of SN 2007Y 
peak ~4 days prior to the optical light curves. This is fol- 
lowed by the near-infrared bands peaking 3-5 days later. 
Peak absolute magnitudes were computed using the red- 
dening value of Fi{B — V)tot =0.112 mag, an Ry value of 
3.1, and a distance of 19.31±5.56 Mpc (see § 3.1). These 
values are also listed in Table 5 with the quoted errors 
accounting for uncertainty in the estimated value of peak 
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magnitude and the distance to the host galaxy. With an 
absolute magnitude of My =-16.5±0.6 mag, SN 2007Y 
is similar in brig htness to SN 2008D, w hich peaked at 
My «— 16. 7 mag (iSoderberg et al.l[200l . This turns out 
to be on the faint end of the absolute magnitude distri- 
bution of SNe Ib/ c. For example SN 2006aj peaked at 
My =-18.7±0.1 (jModiaz et al.ll2006[ ). while other pre- 
viously observed GRB/X-ray transient related SNe Ib/c 
have peaked at My < —20.0 mag (see iRichardson et al.l 
l2006l and references therein). 

In Fig. El the B- and ^-band light curves of SN 2007Y 
are compared with those of four other well-observed 
SNe Ib/c: SN 1 9941 (iRidimond^et al."1996'), SN 1998bw 
(|Galamaet a l.| [l99l. SN 2005b f (FolateUi et al. 2006), 
and SN 2006ai (|Mirabal et all 120061 : iSoUerman et all 
[200l ). The observed magnitudes of the comparison 
SNe Ib/c have been normalized to the peak magnitudes 
of SN 2007Y and shifted in time to their respective epoch 
of peak brightness. The light curves of SN 1998bw and 
SN 2006aj have been corrected for time dilation, and 
SN 2006aj has also had its underlying host galaxy con- 
tribution removed. SN 2007Y rises to maximum like 
SN 1998bw and SN 2005bf, however, after maximum it 
declines rapidly like SN 2006aj. Then about three weeks 
past maximum the rate of decline begins to slow, and 
again, the V-band light curve of SN 2007Y is similar 
to that of SN 1998bw. We note that SN 1999ex and 
SN 2008D were not included in Fig. [HI but if they were, 
one would see that the width of their light curves is sig- 
nificantly broader than SN 2007Y. Overall the shape of 
the V-band light curve, which contains the majority of 
flux around maximum, is m ost similar to SN 2006aj. 

Looking at lArnettl (|1982l )'s analytical description of the 
shape of the light curve around peak brightness, we can 
infer from the similar shaped light curves that the effec- 
tive diffusion time Tm, which can expressed as 



"opt^'-'ejc ^kin ' i^) 

is similar in SNe 2006aj and 2007Y. In this expression 
Kopt refers to the mean optical opacity, Mejc is the ejecta 
mass, and Ekin is the kinetic energy of the expansion. 
This then implies the ratio of M^j^ to Ekin is also similar 
between these two events. 

Now we turn our attention to the late phase VLT pho- 
tometry shown in Fig. [S] The optical light curves indi- 
cate magnitude differences from peak to the last observed 
epoch of Am{B) = 7.9 and Am(i?) = 6.9. Further- 
more a weighted least square analysis gives decline rates 
per hundred days of E = 1.30±0.31, V = 1.73 ± 0.20, 
R = 1.65 ± 0.25 and / = 1.82 ± 0.25. Clearly these de- 
cline rates are faster than the decline of 0.98 magnitude 
per hundred days that is expected in the case of complete 
trapping of the 7 rays produced from the decay of ^^Co 
to ^^Fe. Although the measured magnitude decline rates 
are rather uncertain given that only two epochs were 
observed, the y are nonetheless in agree ment with other 
SNe Ib/c (e . g.lBarbon 6711111994 : SoUcr man et~al]ll998t 
Patat et al.ll2001l: lElmhamdi et al. 2004 iTomita et all 



20061 : IClocchiatti et al.ll2008D . and hints towards a low 



ejecta mass. 

3.4. Bolometric Light Curve 

The comprehensive wavelength coverage provided by 
the early-time observations affords an excellent oppor- 



tunity to construct a nearly complete bolometric light 
curve of SN 2007Y. To this end it was first necessary to 
account for gaps in any individual light curve when a 
particular passband was not observed on a given night. 
In these cases it proved necessary to interpolate between 
the existing light curve using low order polynomial fits. 
As the m2-band light curve covers only a limited time 
around maximum its temporal coverage was extended 
by extrapolation assuming a color correction (based on 
the available photometry) of {'w2 — m2) = —0.929. Sim- 
ilarly as the Ks light curve sampling was rather sparse 
a {V — Kg) = 1.0 color was adopted to extend the fight 
curve during the pre-maximum phase, and a, {V — K^) 
= 0.2 color was adopted to extrapolate the light curve 
from day -|-12 to -t-42. Although these two assumptions 
are rather simple they do provide a reasonably accurate 
extrapolation of the light curves. 

Next, the photometry was corrected for extinction us- 
ing our adopted value of reddening and a Ry ~ 3.1 
extinction curve for the optical and near-infrared data, 
while the extinction curve of Pei ( 1992. ) was used to cor- 
rect the ultraviolet photometry. The magnitudes were 
then converted to flux at the effective wavelength of each 
filter. In the case of the UVOT photometry, zero-points 
and count-rate-to-flux conversion factors given in Table 6 
and Table 9 of Poole et al. ( 2008) were used. 

To compute the quasi-bolometric (UV to NIR, here- 
after UVOIR) light curve the observed magnitudes of 
each light curve were converted to flux and then in- 
tegrated over frequency. The summed flux was then 
converted to luminosity using our adopted distance to 
NGC 1187. Note the last four epochs of the early 
phase UVOIR light curve were computed without ul- 
traviolet observations, and the late phase bolometric 
fluxes were derived with BVRIJgH photometry. In 
Fig. [3 the UVOIR light curve of SN 2007Y is compared 
to the UVOIR light curves of severa l low luminosity 
SNe lb. These incl ude: SN 1999ex (IStritzinger et"al] 
[200l. SN 2005bf (iFolatelfi et all |2006D, SN 2008D 
(^Malesani et al. ' '2009^ and the Type lib SN 1993J 
(Richmond et al. 1994). Extinction values of Ay = 0.6, 
0.93 and 2.5 mag, and distances of 3.6, 44.1 and 30.0 Mpc 
were adopted for SN 1993J, SN 1999ex and SN 2008D, re- 
spectively. In the case of SN 2 005bf, values of 'Lboi' were 
taken directly from Table 2 of lFolatefli et all (|2006D . 

The UVOIR light curve of SN 2007Y indicates a peak 
luminosity of ^1.30x10^^ erg s~^. The main uncertainty 
in this estimate is the error in the distance which is of 
the order of 30%. One way to estimate the abundance 
of ^^Ni, the main radioactive isotope that powers the 
light curves of supe rnovae, is through the use of Arnett's 
Rule (|Arnettlll983) . Although based on a number of un- 
derlying assumptions. [Richardson et al.l (|2006) have used 
this method to obtain reasonable estimates of the ^^Ni 
yields for a sample of two dozen SNe Ib/c. In the case 
of SN 2007Y, if we assume a rise time of 18 days, appli- 
cation of Arnett's Rule tells us «0.06±0.02 Mq of ^^Ni 
was synthesized in SN 

An alternative method of estimating the ^®Ni yield is 

We note in passing that the rise times of SNe lb vary sig- 
nificantly. The ris e times of SNe 1999ex and 2008D were 18 days 
llStritzineer et al.i r2002: Modiaz ct al. 2009 ), while S N 2006aj ex- 
hibited a rise time of 11 days dSoUerman et al.ll2006IV 
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to fit a radioactive decay energy deposition function to 
the late phase UVOIR light curve. Under the reasonable 
assumptions that the majority of energy deposited in the 
ejecta at late phases is from the ^^Co ^^Fe decay, 
and that the optical depth, r, is much less than one, a 
simple model that estimates the ^^Ni-mass can be fitted 
to the UVOIR light curve from 50 to 350 days. The 
functional form of the model used (see ISoUerman et al.l 
fT99i) is L = 1.3 X IO-^^Mni e-*/i"-3 (1 - 0.966e-^) 
erg s~^, where r is given by (ti/t)^. In this form ti sets 
the time when the optical depth to 7 rays is unity. 

Before the energy deposition function could be used 
to estimate the ^^Ni mass it first deemed necessary to 
extend the UVOIR light curve from day +41 to +60. 
This was achieved by applying a linear least squares fit 
to the UVOIR hght curve from day +28 to +41; this 
best fit was then used to extrapolate the light curve to 
day +60. Note the assumption that the decline rate be- 
tween days +28 to +41 can be used to extend all but 
the u'-band light curves out to day +60 is reasonable as 
other SNe Ib/c show no ch anges in decline rate d uring 
the epochs in question (see IClocchiatti et al.ll2008l ). Fi- 
nally the best fit of the toy model to the UVOIR light 
curve was obtained with a ti of 35.8 days and a ^^Ni 
mass of 0.06 Mq. 

The broad wavelength coverage obtained for SN 2007Y 
also allows for an estimation of the distribution of flux 
(as a function of time) in the different wavelength do- 
mains. These estimates are shown in Fig. [8l Similar to 
Type la supernovae at maximum the majority of flux 
is emitted in the optical, however the ultraviolet light 
curves contained a significant portion of flux (>20%); 
while the near-infrared contribution was small, ~5%. By 
two weeks past Lmax the flux in the near-infrared pass- 
bands increased to roughly 20% while in the ultraviolet 
it dropped to <10%. During the last two epochs (day 
+270 and +344) ~40% of the observed flux was con- 
tained in the R and / bands because these passbands 
coincide with the strong emission lines of O I, Ha, Fe II, 
and Ca II that dominate the spectrum (see below). By 
day +270 ~5% of the flux was contained in the H band 
while the near-infrared as a whole contributes no more 
than 15%. Evidently at this phase near-infrared emission 
lines were not a major coolant. 

3.5. Early Phase Spectroscopic Evolution 

The early spectra of SN 2007Y (Fig. H]) consist of a se- 
ries of P-Cygni features superimposed on a blue pseudo 
continuum. Multiple absorption and emission features 
of Fe II dominate the blue-end of the spectra while an 
exceptionally strong Ca II AA8498, 8542, 8662 triplet 
rounds out the red-end. Distinctive features include: (i) 
an absorption trough between 4000 and 4200 A caused 
by the blending of Fe-group emission lines (i.e. Sc II, 
Ti II or alternatively Fe II), (ii) absorption at ^^5900 
A caused by a blend of the Na I AA5890, 5896 doublet 
with He I A5876, (iii) a distinctive absorption feature at 
^6200 A that is possibly formed from a blending of Si II 
with high-velocity Ha, and (iv) a relatively weak O I 
A7774 absorption feature. 

As SN 2007Y evolved through maximum, the strength 
of the absorption at 6200 A steadily declined until it 
disappeared around 10 days past Lmax- Meanwhile the 



depth of the Ca II triplet also decreased until day +6 
when it transformed back to a deep absorption. This 
phenomenon reflects the transition of the Ca II triplet 
being formed from a high- velocity component to a photo- 
spheric component (see Fig. [101 ^^^d FolatcUi ct al. 2006 
and Parrent et al. 2007). After maximum, conspicuous 
lines of He I AA4471, 4921, 5016, 6678, 7065, 7281 emerge 
and begin to dominate the spectrum. 

Figure [9] displays the time evolution of the blue-shifts 
(vcxp) for the ions that produced the dominant fea- 
tures in the optical spectrum of SN 2007Y. The expan- 
sion velocity of Fe II A6159 is oft en used as an indi- 
cator of the photosphe ric velocity (jBranch et al.l [200I : 
[Richardson et al.ll2006D . In the earliest spectra the ab- 
sorption minimum of this line indicates that Vcxp~10,000 
km s^^, while He I is measured as Voxp~7000 km s^^. 
This is reminiscent of SN 2005bf, which to date has been 
the only other SN lb to show Fe II absorption blue-shifted 
more than its He I absorption. As SN 2007Y evolved in 
time, Fe II A6159 monotonically declined, reaching a min- 
imum value of ~4500 km s^^ three weeks past maximum. 
On the other hand, the blue-shift of He I A5876 shows an 
increase of ~1500 km s"""^ from day —14 to Lmax. There- 
after the blue-shift of He I A5876 evolved from 8500 to 
6500 km over the next month. 

Contrarily to all other ions, the velocity at maximum 
absorption of the 6200 A feature (assuming it is related 
to Ha, see § H]) and the Ca II triplet, suggest these 
features were produced from a component of gas that 
was detached from the photosphere with Vexp ~15,500 
km s~^. By a week past maximum Ha had decreased 
to Voxp ^^10,000 km s~^, while the Ca II triplet began 
to follow the velocity evolution of He I with Vcxp ~ 6500 
km s~^. The abnormally low blue-shifts of Si II argues 
against the case that it is the dominate ion responsible 
for the formation of the 6200 A feature. 

In Fig. do] spectra of SN 2007Y at days -14, -8, -1 
and +39 are compared to spectra of SN 2005bf obtained 
on days —8, —3, +4 and +42.^"* The similarity between 
the earliest spectra of these two SNe lb is remarkable. 
Two subtle differences exist, namely a somewhat stronger 
Ca II triplet in SN 2007Y, while the Fe II multiplet 42 
AA4924, 5018, 5169 features in SN 2005bf are more nar- 
row. In this figure one can see the position of maxi- 
mum absorption of the Ca II triplet clearly evolves in 
time. The narrow features in SN 2005bf, on the other 
hand, have been interpreted to b e from a high-velocity 
component of Fe gas in the ejecta jAnupama et al.l[2005t 
iFolatelh et "aIll2006HParrent et al.ir2007[ ). that i ^mybe re- 
lated to a polar outflow or a failed jet (Folatclh et al.l 
[2(M lMaeda"eran[2007bl : iMaund et al.l [2007^. The lack 
of these narrow features in SN 2007Y suggests its ejecta 
was more spherical than in the case of SN 2005bf. 

Finally, at the bottom of Fig.[lOl spectra of SNe 2007Y 
and 2005bf taken over a month past maximum are com- 
pared. By this time the spectra of both events resemble 
normal SNe lb. 

3.6. Nebular Phase Spectroscopy 

Months later, as SN 2007Y continued to expand, the 
photosphere receded deep into the ejecta leading to the 

Epochs of SN 2005bf spectra are with respect to the time of 
its first maximum. 
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onset of the nebular phase. As radioactive heating and 
the formation of the nebular spectrum occurs at this time 
in what was the central region of the progenitor, the 
analysis and spectral synthesis of the late phase spectrum 
provide an excellent tool to estimate the abundances of 
stable and radioactive elements synthesized during the 
explosion. Furthermore, the study of line profiles and 
their relative strengths can provide clues regarding the 
geometry of the ejecta, and the nature of the progenitor 
system. 

The four nebular spectra at the bottom of Fig. [4] ex- 
hibit many of the features typically associated with nor- 
mal SNe Ib/c. Strong emission lines from forbidden tran- 
sitions of [O I] AA6300, 6363 and [Ca II] AA7291, 7324 
clearly dominate the spectrum. The [Ca II] emission is 
actually blended with [Fe II] AA7155, 7172, 7388, 7452 
and possibly [O II] A7300. Other less pronounced fea- 
tures identified include: Mg I] A4570, the Na I AA5890, 
5896 doublet, the Ca II triplet, and a feature at 5200 A 
that is formed by a blending of [Fe II] lines. A marginal 
detection of O I A7774 is discernable, while the identifi- 
cation of O I A5577 is weak to nonexistent. Gaussian fits 
to the emission profiles indicate full-width-half-maximum 
(FWHM) velocities between 5000 to 7500 km s^^. 

Plotted in Fig. [11] are the emission line profiles, in ve- 
locity space, of Mg I], Na I, [O I] A6300.5, and [Ca II] 
A7307.5. Clearly these profiles show, in velocity space, 
no strong deviations from their rest wavelength, and all 
but Na I have a single peaked profile. The Na I profile, on 
the other hand, exhibits a moderately flat-topped profile. 
The shape and velocities of these line profiles can provide 
som e insight into the distribution of the emitting mate- 
rial (|Fransson fc Chevalier^ ^1987^. and the geometry of 
the explosion ([Maeda ct al. 2008). As the emission lines 
are observed to have similar widths, and that the profiles 
are symmetric and not sharply peaked, we conclude that 
there are no major asymmetries in the ejecta. 

The most striking characteristic in the nebular spectra 
of SN 2007Y is a box-like emission profile red-ward of the 
[O I] AA6300, 6363 doublet. Superposed on this broad 
component are several narrow emission lines close to the 
expected position of Ha. We identify these emission fea- 
tures as Ha, [N II] A6584 and [S II] A6717, which are as- 
sociated with an H II region in the vicinity of SN 2007Y. 
We measure a FWHM velocity of the narrow Ha com- 
ponent of <450 km s~^. The broad component, on the 
other hand, exhibits a velocity for the bulk of material to 
be located between 9000 and 11,000 km s~^. This mate- 
rial is undoubtedly hydrogen gas ejected from SN 2007Y. 

Although rarely seen in other SNe lb, a sim- 
ilar feature was also pre s ent in the Type lb 
SN 1996N (|Sollerman et all [1998'), and more no- 
tably in the well-studied transiti onal Type li b su- 
pernova (SN lib) 1993 J (IC locchiat ti fc Wheeled 
Filippcnko, Mathes on. fc Barthiil994t iPatat et al.l 



1994 



1995 



Matheson ct al. 2000l). A similar feat ure was also re- 
porte d in nebular s pectra of SN 2005bf (jSoderberg et al.l 
120051 : iMaeda et al.ll2007bh . Figure [12] shows a compar- 
ison of SN 2007Y (day +230) to SN 1993J (day -^236) 
and SN 1996N (day -1-221). Despite differences in pro- 
file shapes and blue-shifts, these spectra are quite sim- 
ilar overall. During this epoch the Ha shoulder seems 
to be relatively stronger in SN 2007Y. In the case of 



SN 1993J the strength of this broad emission feature rel- 
ative to the [O I] doublet continued to evolve in time 
until ~500 days after the explosion. By this epoch the 
ratio of the strengths o f these two features reached unity 
(jMatheson et a l.''2000). 

The source feeding the majority of emission in this 
broad wing is not radioactive heating, but rather, 
hig h-velocity hydrogen gas in tera cting with dense CSM 
(seelHouck fc FranssonI ()1996D and lChevalier fc FranssonI 
(1994^ for details on the physics of this emission process). 
The CSM consists of mass shed by the progenitor, while 
the high-velocity hydrogen gas came from a thin shell of 
material ejected by the supernova itself. The velocity of 
the hydrogen gas measured from the nebular spectrum 
is consistent with that derived for Ha from the 6200 A 
absorption feature nine days past maximum. 

Interestingly, as is evident from Fig. [T^ the strength 
of [Ca II] A7307.5 relative to the [O I] A6300 doublet 
is comparable for all three supernovae. Specifically, the 
[Ca II]/[0 I] ratio of the three spectra in Fig. [121 is 0.6, 
0.9, and 1.0 for SN 1993J, SN 1996N and SN 2007Y, 
respectively. For perspective, this r atio, was ~ 0.5 in 
SN 1998bw. iFransson fc Chevalieii (fl987l have 
shown that the [Ca II] /[O I] ratio stays relatively con- 
stant during the nebular phase, and is a good diag- 
nostic of the core mass, where a higher ratio indicates 
a less massive core. From stellar evolution it is well 
known that the core mass is highly dependent on the 
zero-age-main-sequence mass (ZAMS) of the progenitor. 
That the [Ca II]/[0 I] ratio in SN 2007Y is > 0.5 sug- 
gests that its progenitor star had a main sequence mass 
compar able to SNe 1993J and 1996N, i.e. Mzams 5, 



20 Ma, (iNomoto et al II1993I : iPodsiadlowski et 3171119931 : 
iShigevama et al.|[l994[ ) . This is much lower than the pro- 
genitor of SN 1998bw, which had a main sequenc e mass 
Mzam s ~ 40 M0 (Iwa moto et al . 1998; Nakamur a et al.l 
I2001t ). To obtain' a more quantitative estimate of the 
ejecta mass and hence the ZAMS mass of the progenitor 
wc turn to spectral synthesis. 

3.7. Nebular Spectral Synthesis 

To model the nebular spectrum we used a one- 
zone non-local thermodynam ic equilibrium (NLTE) code 
(jMazzah et al.ll200lL [2007a[) . Heating within the ejecta 
comes from the deposition of 7 rays and positrons pro- 
duced from the decay of ^®Co to ^^Fe. This is balanced 
by cooling via nebular line emission. The emission rate 
of each line is de termined by so lving a NLTE matrix of 
level populations (|Axelrodlll980r ). The emitting volume is 
assumed to be of finite extent, homologously expanding, 
and has a uniform density and composition. The emis- 
sion spectrum is computed from assigning a parabolic 
profile to each line which is bounded by the velocity of 
the outer edge of the ejecta. 

The main parameters determining the synthetic spec- 
trum are the width of the emission lines, the mass of 
radioactive ^^Ni, and the mass of the other elements. 
As iron is a product of the decay of ^^Ni, the width of 
the [Fe II] emission at 5200 A gives an indication of the 
distribution of ^^Ni. Abundances of all elements except 
sulphur and silicon were determined by fitting the emis- 
sion line profiles. Unfortunately neither of these ions 
have a strong or isolated emission lines in the optical. 
Therefore the abundances of these two elements are not 
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strongly constrained. 

Given the short basehne in time covered by the nebular 
spectra we elected to model the two best spectra. These 
observations and the corresponding synthetic spectra are 
shown in Fig. [13l In both cases the 5300 A [Fe II] blend 
is best fitted with a model having an outer velocity of 
4500 km s-i. This is also true for the [O I] A6300 dou- 
blet. Having an identical velocity for these two lines is 
often the case in low energy SNe Ib/c (e.g. iSauer et"aLl 
l2006f) . and is another indication that the explosion was 
not strongly aspherical. Both synthetic spectra shown in 
Fig.[T3]have a total ejected mass of 0.44 M0 below 4500 
km s~^ Of this mass 0.06 Mq is ^^^Ni and w0.20 M© 
is oxygen. The value for the ^^Ni abundance confirms 
the results obtained from both the early and late phase 
UVOIR light curve. 

3.8. Radio Observations and Circumstellar Interaction 

In Table 6 we summarize our radio observations of 
SN 2007Y. All observations were conducted with the 
VLA in the standard continuum mode with a bandwidth 
of 2 X 50 MHz centered at 8.46 GHz. We used 3C48 and 
3C286 (J0137+331 and J1331+305) for flux calibration, 
while J0240-231 was used to monitor the phase. Data 
were reduced using standard packages within the Astro- 
nomical Image Processing System (AIPS). 

No radio emission was detected at the optical SN po- 
sition in any of our VLA observations. The initial ra- 
dio upper limits imply that SN2007Y was a factor of 
~ 10'' less lu minous than SN 199 8bw on a compara- 
ble timescale fKulkar ni et al.iri998f l. We conclude that 
SN 2007Y, like the majority of SNe Ib/c did not produce 
relati vistic ejecta along our line-of-sight (jSoderberg et al.l 
|2006[) . Our later observations at t ~ 2 yrs further con- 
strain the presence of a relativistic jet initially directed 
away from our line of sight. The upper limit on the late- 
time flux density is iv < 54 /iJy (2(t), a factor of 10'' less 
luminous than well-studied radio afterglows on the same 
timescale, and following the transition to non-relativistic 
and spherical Se dov- Taylor expansion (e.g. GRB 030329; 
IFrail et al.l[200l . 

While optical data probe the thermal emission from 
the slow moving bulk material, non-thermal synchrotron 
emission is produced as the forward shock races ahead 
and dynamically interacts with the GSM. Making the 
standard assumption that the post-shock energy density 
is in equipartition between relativistic electrons (cg) and 
amplified magnetic fields (es), the velocity of the ra- 
dio e mitting material is robustly determined (jGhevalieil 
|1998[) . Adopting typical values, ee = e_B = 0.1, provides 
an estimate for the density of the GSM and, in turn, 
the mass-loss rate of the progenitor star. Together, the 
velocity of the shock (vj) and the mass- loss rate of the 
progenitor (M) determine the luminosity and peak time 
of the bell-shaped radio light curve. 

Since any radio emission from SN2007Y fell below 
the VLA detection threshold, we use (2(t) upper limits 
from Table 6 to constrain the characteristics (luminos- 
ity, shape) of the light curve . Adopting the formahsm of 
iGhevalier fc FranssonI (|2006f) for the parameterization of 
the radio light curves of SNe dominated by synchrotron 
self-absorption, we use our light curve constraints for 
SN2007Y to place robust constraints on Vg and M. In 



Figure[T4]we show the two-dimensional Vg—M parameter 
space that is ruled out by our radio upper limits. With 
the necessity that the forward shock velocity is faster 
than the observed photospheric velocity in the homolo- 
gous outflow, a second region is excluded. Gombining 
these constraints we find that the mass-loss rate of the 
SN 2007Y progenitor star is less than M w 10"^ Mq yr"' 
where we have assumed a progenitor wind velocity of 
Wu, — 1000 km s^', appropriate for Wolf-Rayet stars. 
Adopting a typical shock velocity of Vg « 40, 000 km s~' 
consistent with well-studied radio SNe Ib/c, implies that 
M < 10^^ M© yr^' which is on t he low end of the ob- 
served values for radio SNe Ib/c (|Ghevali er fc Fr anssonI 
2006). Finally we estimate the mass of GSM swept up 
by the forward shock, Mcsm, over the course of our ra- 
dio observations to be less than Mcsm ~ 2 x 10~^ M© 
assuming a standard stellar wind density profile. 

4. DISCUSSION 

The observational properties of SN 2007Y have a num- 
ber of qualities in common with other Type lb and 
Type lib supernovae. Spectra obtained prior to maxi- 
mum light closely resemble early spectra of SNe 1999ex 
and 2005bf, while at late-times SN 2007Y has common- 
alities with SNe 1993J and 1996N. Nevertheless, subtle 
differences between these events and SN 2007Y do exist 
and reflects, among other things, variations in the com- 
position and mass of the progenitor, the kinetic energy of 
the explosion, and the degree of asphericity of the ejecta. 

The early spectra exhibit the infamous 6200 A ab- 
sorption line t hat is often, but not always, observed 
in SNe Ib/c (jMatheson et al.l l2001h . Gurrently, it 
is a matter of open debate which ion(s) form this 
feature. Previous authors have proposed a number 
of sources tha t range from Ha (Branch et al. 200 
Anupama et al.. 2005: Folatelli et al. 2006; Parrent et al 
20071: IPastoreUo et all I2008D or Si II A6355 (e.g. 
Hamuv et all 1200^ . to Si II blended with Ha 
(jTanaka et a ll boosi) . Others have invoked G II A6580 
blended with Ha (iDeng et al.l l2000D or only Ne I A6402 
(Ben etti et al.l l2002f). Recently, more detailed ca lcula- 
tions reported bv lKetchum. Baron fc BranchI (120081 ) sug- 
gest Si II blended with Fe II as a viable source. In the 
case of SN 2007Y we lean towards an identification of 
Ha possibly blended with Si II. The hydrogen hypothe- 
sis is supported in part by the Ha emission in the nebu- 
lar spectrum that, similar to early epochs, is at a higher 
velocity than the other material. Additional evidence 
for hydrogen comes from a notch in the earliest spec- 
tra (see Fig. 10) which may be due to H/3 blue-shifted 
by ~14,000 km s~'. With t hese pieces of evidence , 
and the arguments l aid o ut by lAnupania et al.l (|2005l ). 
iFolatelh et all (|2006D and iParrent et all (|2007f) for the 
case of SN 2005bf, we conclude that Ha is likely the dom- 
inant ion responsible for the absorption at 6200 A. The 
gross inconsistency between the blue-shift derived from 
Si II, compared to the other ions (sec Fig. [9]), allows us 
to reject Si II as the only ion producing this feature. To 
decisively ascertain to what extent these or other ions at- 
tribute to the 6200 A feature remains to be determined 
through sophisticated radiative transfer calculations. 

The identification of high- velocity calcium gas has also 
been reported in the early phase spectra of SN 1999ex 
and SN 2005bf. The strong spectroscopic similarity of 
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these events to SN 2007Y, and the fact that by maximum 
hght both SN 1999ex and SN 2007Y are representative of 
a normal Type lb event are both suggestive that this may 
be a generic feature of many SNe lb. The fast evolution of 
the Ca II triplet highlights the importance to obtain pre- 
maximum spectra of these events in order to confirm if 
high- velocity calcium gas is in fact a commonality among 
other SNe Ib/c. Note, however, there appears to be no 
signature of this feature in the early epoch spectra of 
SN 2008D. 

We estimate 0.06 Mq of ^®Ni was synthesized in 
the explosion. We also find from modeling the neb- 
ular spectra a lower limit on the ejected oxygen 
mass below 4500 km s^^ of 0.20 M©, and a total 
ejecta mass of 0.44 Mq. Stellar evolutionary mod- 
els predict this amount of oxygen is prod uced from 
He stars with a mass of ~3.3 M© (Thielemann et al 



1996 : IWooslev. Langer. fc WeaveiJl995^.Shigevama et al 



19901 ). The He star most likely evolved from a ZAMS 
star of «10"13 M© that formed in a binary system, 
and during its evolution, was able to shed its envelope 
through stable case C mass transfer (for an example see 
iPodsiadlowski et al. Ill993[ ). In this scenario, prior to 
explosion, the He star retains a residual hydrogen shell 
with a mass of a few tenths of a solar mass or less. Al- 
ternatively, but more unlikely given the abundance pat- 
tern, the progenitor star could have been a massive star 
(MzAMS > 35 M© ] that underwent strong stellar w inds 
prior to explosion (jWooslev. Langer. fc Weaveilll993[ ). A 
scenario of a more massive star is also disfavored given 
the lack of evidence for asymmetry in the ejecta. 

Now we attempt to estimate the kinetic energy of the 
explosion. As previously discussed in § 13.31 the simi- 
larity between the light curve shape of SNe 2006aj and 
2007Y implies Moj(07Y)3 / Eke(07Y) cx Mej(06aj)3 / 
EKE(06aj). Pluggin g in Mei(06aj ) = 1.8 Mq, EKE(06aj) 
= 2.0 x10^^ erg (jMaeda et all l2007al : iMazzah et aH 
I2006b( l and Mej(07Y) = 0.50 Mq, and then solving for 
Eke(07Y), gives «4.3xl0'*^ erg. Alternatively, simply 
looking at the ejecta mass and the velocity of the nebula 
Eke(07Y) « (l/2)-Mej(07Y)-v2^, « 1.0x10^0 erg. 

A more accurate approach is to combine the fact that 
the Hght curve shapes of SN 2007Y and SN 2006aj are 



similar to the ratio of their photospheric expansion veloc- 
ity via Vph(x(EKE/Mcj)^/^. At maximum light the ratio 
of the photospheric velocity of SN 2007Y (vph = 9000 
km a-^) to SN 2006aj (vph = 15000 km s^^; Plan et al. 
2006) is 0.60. This implies a Eke(07Y) - 1.8x10^° erg. 
If we double Moj(07Y) then Eke(07Y) increases by a fac- 
tor of two. A Eke(07Y) of wfewxlO^" erg is nearly an 
order of magnitude less than the >10^^ erg that is found 
in other SNe Ib/c. 

In Fig. [15] the physical parameters of SN 2007Y are 
compared to those of 13 other well-studied core-collapse 
SNe. Here the estimated values of Mzams are com- 
pared to (top panel) Eke and (bottom panel) the ejected 
^^Ni mass. From its position in the top panel we find 
SN 2007Y to be one of the least energetic SNe Ib/c yet 
studied. Correspondingly, the ^^Ni mass is comparable 
to the least luminous SNe Ib/c while the Mzams lies at 
the low end of the Mzams distribution of the comparison 
sample, most similar to SN 1993J. 

5. CONCLUSION 

We present detailed photometric and spectroscopic ob- 
servations of SN 2007Y. SN 2007Y appears to be one 
of the least energetic normal SN lb yet studied, with 
Eke ~10^° erg. We estimate a total ejected mass of 0.45 
Mq, of which 0.06 Mq is ^^Ni and 0.2 M© is O. The oxy- 
gen abundance suggests the progenitor was most likely a 
3.3 Mq He-core star that evolved from a 10-13 M© main- 
sequence mass star in a binary system. These physical 
parameters all point towards a progenitor similar to that 
of SN 1993J. 

The remarkable similarity of the early phase spectra 
of SN 2007Y compared to SN 1999ex and SN 2005bf, 
suggests these events had very similar photospheric con- 
ditions. However, subtle difference do exist. These are 
most likely related to differences in the total ejected mass 
and the configuration of the ejecta. In the earliest phases 
we identify high- velocity features of Ha and Ca II. These 
features maybe a commonality in many other SNe Ib/c. 
This remains to be confirmed with early phase observa- 
tions that are expected to be performed in future all-sky 
surveys. 



APPENDIX 

OBSERVATIONS AND DATA REDUCTION 
Photometry 

The UVOT light curves were originally presented in iBrown et al.l (120081 ). and the reader is referred to that paper 
and references therein for details of the data acquisition and reduction process. The light curves have superb sampling 
that cover the evolution of SN 2007Y from —11.6 to 21.6 days past maximum light. 

Twenty-one epochs of early-time optical {u' g'r'i' BV) imaging were acquired with the LCO's Henrietta Swope 1-m 
telescope equipped with a direct imaging CCD camera, and two epochs of spectroscopic acquisition imaging wi th the 
du Pont (-I-WFCC D: Wide Field Re-imag ing CCD Camera) 2.5-m telescope. We direct the reader to Hamuv ^t al.l 
(|2b06. Paper I) and lContreras et al.l (|2009l ) for a detailed technical description of the telescopes, instruments, and filter 
transmission functions used in the low-z portion of the CSP. Paper I also contains a step by step account of the data 
reduction process for each instrument used by the CSP. 

The brightness of SN 2007Y was determined differentially with respect to a sequence of local field stars. Absolute 
photometry of the local sequence in the optical (Table 1) was obtained using standard fields (Landolt 1992; S mith et al.l 
[2002) observed on 4 photometric nights. 

Instrumental magnitudes of the standard fields were computed using the IRAF^^ DAOPHOT package PHOT with an 

The image Reduction and Analysis Facility (IRAF) is maintained and distributed by the Association of Universities for Research in 
Astronomy, under the cooperative agreement with the National Science Foundation. 
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aperture radius of 7". Adopting extinction coefficients and color terms derived through the course of the CSP (see 
Fig. 3 and Fig. 4 in Paper I) the instrumental magnitudes of the standard stars were used to derive zero-points to 
calibrate the local sequence. 

The magnitude of SN 2007Y and the local sequence were measured by a point-spread function (PSF) technique. 
A PSF within a radius of 3" was fitted to each sequence star and the supernova. A night-to-night zero-point was 
computed from the local sequence and then used to obtain the apparent magnitude of SN 2007Y. 

Although the supernova was located well outside the spiral arms, close inspection of optical VLT images obtained 
under excellent seeing conditions revealed the presence of an H II region adjacent to the location of SN 2007Y. To 
assess if our photometry was contaminated by either this H II region or any spatial/time varying background, optical 
galaxy templates of NGC 1187 were obtained on March 5.2, 2008 with a direct imaging camera (Tek 5) attached to the 
du Pont. These templates were used to subtract any background on all early-time CSP u'g'r'i'BV images. We found 
mean magnitude differences for each light curve (in the sense of photometry computed with versus without template 
subtraction) of A(m', g', r', i, = (0.009,0.003,0.004,0.001,0.003,0.003). These small differences indicate that no 

systematic offset was introduced to the images from template subtraction and that any background in the optical is 
negligible. 

Two epochs of late-time BVRI imaging at 270 and 343 days past Lmax were obtained with the VLT (+F0RS1) in 
service mode. Science product images reduced by the ESO pipeline were used for the aperture photometry. As all 
of the local sequence stars used in the early phase imaging were saturated in the VLT images it proved necessary to 
define another local se quenc e. Absolute photometry of this local sequence was obtained using the standard star field 
PG233H-055 (Landolt"199_2l) observed during the first photometric epoch of VLT imaging. Instrumental magnitudes 
of the 3 stars in PG2331-I-055 were computed using PHOT with an aperture radius of 7". These instrument magnitudes 
were then corrected for atmospheric extinction and color terms using standard values derived for Chip 1 of FORSl.^® 
Zero-points were then computed by comparing the instrumental magnitudes to the Landolt standard magnitudes. 
Instrumental magnitudes of 7 local sequence stars (and SN 2007Y) were then computed with a C.'S aperture radii plus 
an aperture correction. After color and atmospheric extinction corrections the zero-points derived from PG2331-I-055 
were applied to these magnitudes to calibrate the VLT local sequence. This local sequence was then used to determine 
nightly zero-points in order to obtain apparent magnitudes of SN 2007Y. 

Fifteen epochs of early phase near-infrared photometry were acquired at LCO with the Swope (-|-RetroCam) and 
du Pont (-fWIRC: Wide field InfraRed Camera) telescopes. The majority of Y JH-hand imaging was taken with 
RetroCam while several epochs including Kg band were obtained with WIRC. 

Imaging was generally performed with a jitter technique that consists of a two loops of 9 exposures. Each of the 
individual images were dark-subtracted, flat-fielded and then stacked to produce a master image used to calculate 
photometry. 

Instrumental magnitudes of standard star fields (jPersson et al.l[l998l ) observed over 5 photometric nights were mea- 
sured with an aperture radius of 5". Zero-points were then derived from these observations in order to calibrate a 
local sequence whose in strumental magnitu des were computed via a small aperture and aperture correction. Standard 
extinction coefficients (jPersson erallfl998h were used and no color term corrections were applied. In the Ks-band 
photometry we were unable to calibrate a local sequence due to a lack of standard field observations. Fortunately 4 
of the stars that make up our local sequence were also observed by the 2MASS survey. We therefore adopted 2MASS 
magnitudes for these stars and the corresponding values are reported in Table 1. Finally, differential photometry of 
SN 20G7Y (Table 3) was obtained relative to the local sequence. 

Late epoch imaging was performed with the Infrared Spectrometer And Array Camera (ISAAC) attached to the 
VLT. Imaging was performed in the short wavelength mode wit h multiple loops of the jitter-offset mode. Reduction 
of this data was performed with the Eclipse software package (|Devillardlll997| ). The jitter program was used to 
estimate and remove the sky background from each on source image. These were then combined to produce final 
stacked images that were used to derive instrumental magnitudes. Absolute photometry was determined using several 
Persson standard star fields observed over the course of the night the supernova was monitored. We were only able to 
measure the brightness of SN 2007Y in the Js- and iJ-band in the first epoch of near-infrared imaging i.e. day -1-268. 
In the cases when the supernova was not detected a 3cr upper limit of its brightness was derived. 

Spectroscopy 

Twelve epochs of long slit spectroscopy was obtained from —14 to +270 days past L,„ax- All spectra were reduced 
in the same manner using standard techniques as described in Paper I. In summary, each spectrum was overscan 
subtracted, bias corrected, trimmed, flat-fielded and then extracted. An accurate wavelength calibration solution was 
derived from arc lamp spectra and applied to the extracted one-dimensional spectrum. Finally, a nightly response 
function derived from standard star observations was used to fiux-calibrate each spectrum. When multiple spectra 
were obtained for a given epoch they were combined to produce a master spectrum. 

This material is based upon work supported by the National Science Foundation (NSF) under grant AST-0306969. 
The Dark Cosmology Centre is funded by the Danish NSF. M.S. acknowledges support from the MPA's visitor pro- 
gramme. J.S. is a Royal Swedish Academy of Sciences Research Fellow supported by a grant from the Knut and Alice 

http: / / www.cso.org/ obscrving/dfo / quality /FORSl / qc/photcoefT / photcoefTs_forsl.html 
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TABLE 1 

Photometry of the local sequence stars in the field of NGC 1187 
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in the optical and near-infrared, respectively. The magnitudes of the four iCg-band stars are the standard values from the 2mass catalog. 
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TABLE 2 

CSP OPTICAL PHOTOMETRY OF SN 2007Y 
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845(021) 


15 


506(015) 


15 


487(015) 


15 


552(015) 


15 


692(015) 


15 


469(015) 


Site 3 


53163 


51 


15 


921(015) 


15 


432(015) 


15 


364(015) 


15 


423(015) 


15 


644(015) 


15 


372(015) 


Site 3 


53165 


50 


16 


183(016) 


15 


461(015) 


15 


297(015) 


15 


336(015) 


15 


707(015) 


15 


332(015) 


Site 3 


53166 


52 


16 


452(015) 


15 


518(015) 


15 


286(015) 


15 


325(015) 


15 


789(015) 


15 


349(015) 


Site 3 


53169 


50 


17 


398(015) 


15 


800(015) 


15 


370(015) 


15 


382(015) 


16 


188(015) 


15 


519(015) 


Site 3 


53170 


50 


17 


716(016) 


15 


923(015) 


15 


442(015) 


15 


408(015) 


16 


349(015) 


15 


620(015) 


Site 3 


53171 


51 










15 


517(015) 


15 


444(015) 


16 


520(015) 


15 


719(015) 


Site 3 


53174 


50 


18 


887(045) 


16 


431(015) 


15 


727(015) 


15 


565(015) 


16 


979(015) 


16 


014(015) 


Site 3 


53179 


49 


19 


420(081) 


16 


858(015) 


16 


005(015) 


15 


741(015) 


17 


492(015) 


16 


354(015) 


Site 3 


53185 


50 


19 


842(157) 


17 


147(015) 


16 


246(015) 


15 


981(015) 


17 


816(015) 


16 


623(015) 


Site 3 


53190 


49 


19 


740(213) 


17 


278(015) 


16 


404(015) 


16 


127(015) 


17 


915(021) 


16 


726(015) 


Site 3 


53194 


48 


19 


418(146) 


17 


384(015) 


16 


514(015) 


16 


231(015) 


17 


956(026) 


16 


845(015) 


Site 3 


53197 


48 


19 


478(103) 


17 


429(015) 










18 


063(015) 






Site 3 


54204 


47 


19 


399(152) 


















17 


034(015) 


Site 3 


54204 


48 


19 


408(104) 






















Site 3 


54434 


11 










20 


951(077) 


20 


658(108) 


22 


517(127) 


21 


900(081) 


FORSl 


54507 


03 










22 


151(162) 


21 


983(150) 


23 


521(185) 


23 


159(125) 


FORSl 



Note. — Bolometric maximum occured on JD-2454163.12. Uncertainties given in parentheses are in millimag. FORSl 
imaging was conducted with a set of standard Johnson Kron-Cousins BVRI filters. 



TABLE 8 

XEAK-INFHAHrJ) I'lIOTO.MK TRY OF SN 20()7V 



JD-2,400,000 




Y 


J 


H 




Instrument 


54150.51 


16 


679(036) 


16.628(044) 


16.618(063) 




RetroCam 


54156.53 


15 


631(015) 


15.628(014) 






RetroCam 


54158.54 


15 


416(012) 


15.397(012) 


15.341(031) 


15.187(044) 


WIRC 


54159.52 


15 


337(012) 


15.319(013) 


15.247(031) 


15.079(044) 


WIRC 


54162.50 


15 


109(015) 


15.063(013) 


14.975(028) 




RetroCam 


54164.50 


14 


995(013) 


14.946(015) 


14.864(025) 




RetroCam 


54167.51 


14 


935(012) 


14.830(011) 


14.748(022) 




RetroCam 


54168.52 


14 


962(013) 


14.845(014) 


14.744(023) 




RetroCam 


54169.52 


14 


969(016) 


14.835(009) 


14.751(029) 




WIRC 


54170.51 


15 


009(016) 


14.822(010) 


14.698(030) 


14.505(037) 


WIRC 


54171.50 


15 


031(016) 


14.888(008) 


14.743(029) 


14.481(036) 


WIRC 


54172.50 


15 


070(016) 


14.899(009) 


14.770(029) 


14.504(036) 


WIRC 


54175.51 


15 


125(014) 


15.030(019) 


14.745(031) 




RetroCam 


54189.50 


15 


276(021) 


15.521(027) 


15.124(049) 




RetroCam 


54193.49 


15 


328(016) 


15.663(025) 


15.313(040) 




RetroCam 


54432.26 






20.906(121) 


20.393(126) 


>21.241 


ISAAC 


54507.06 






>21.502 


>21.380 


>21.219 


ISAAC 



Note. — Bolometric maximum occured on JD-2454163.12. Uncertainties 



given in parentheses are in millimag. 
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TABLE 4 

Spectroscopic observations of SN 2007Y 



Phase 
JU— i, 4U0, UOU 


Epoch 
(days) 


Telescope 


Instrument 


Range 
(A) 


Resolution 
(A per pixel) 


Exposure 
(sec) 


54150.54 


-14 


Du PONT 


WFCCD 


3800 - 9235 


3.0 


600 


54156.52 


-8 


Du PONT 


WFCCD 


3800 - 9235 


3.0 


600 


54163.57 


-1 


NTT 


EMMI 


3200 - 10200 


3.3 


200 


54170.50 


+6 


BAADE 


IMACS 


3790 - 10300 


2.0 


600 


54173.51 


+9 


Du PONT 


B&C 


3430 - 9650 


3.0 


600 


54178.50 


+14 


Du PONT 


B&C 


3420 - 9630 


3.0 


600 


54185.49 


+21 


Du PONT 


B&C 


3400 - 9600 


3.0 


600 


54203.48 


+39 


Du PONT 


WFCCD 


3800 - 9235 


3.0 


800 


54363.82 


+201 


NTT 


EMMI 


3750 - 8160 


3.0 


1800 


54394.86 


+230 


CLAY 


LDSS3 


4100 - 9980 


1.2 


900'' 


54421.78 


+257 


BAADE 


IMACS 


3800 - 10675 


2.0 


1800 


54434.57 


+270 


VLT 


FORSl 


3640 - 8880 


3.3 


1280 



Note. — Some spectra are the combination of multiple observations. 
" Days since Lmax-'' Different exposure times in blue channel (900 sec) and red channel 
(600 sec). 



TABLE 5 
LiGHTCURVE Parameters 



Filter 


Peak Time 


Peak Obs. 


Peak Abs. 




(JD-2,400, 000) 


(Mag.) 


(Mag.) 


w2 


54161.3 


18.348(050) 


-15.236(578) 


m.2 


54162.5 


19.394(200) 


-15.351(616) 


wl 


54161.4 


16.903(050) 


-17.303(578) 


U 


54161.4 


15.057(010) 


-16.951(578) 


u' 


54161.6 


15.849(013) 


-16.129(576) 


B 


54163.3 


15.647(012) 


-16.242(576) 


9' 


54163.8 


15.437(006) 


-16.396(576) 


V 


54165.6 


15.336(011) 


-16.446(576) 


r' 


54166.5 


15.292(010) 


-16.430(576) 


i' 


54166.9 


15.326(010) 


-16.325(576) 


Y 


54167.2 


14.948(031) 


-16.597(579) 


J 


54169.2 


14.839(028) 


-16.686(577) 


H 


54171.4 


14.733(069) 


-16.757(581) 


Ks 


54171.4 


14.494(640) 


-16.975(985) 



Note. — Bolometric maximum occured on JD- 



2454163.12. Uncertainity in time of peak magnitude 
is 0.5 days for each filter except the m2- and Ks- 
bands. Their estimated time of maximum has a 2 
day uncertainity. 



TABLE 6 
Radio Observations of SN 2007Y 



Date Obs 




Fv,SAQ GHz'' 


Array 


(UT) 


(days) 


(MJy) 


Config. 


2007 Feb 24.01 


10 


±34 


D 


2007 Mar 10.89 


25 


±18 


D 


2007 May 26.79 


102 


±37 


A 


2007 Dec 21.21 


310 


±33 


B 


2008 Jun 13.66 


486 


±38 


D 


2008 Dec 16.22 


671 


±27 


A 



Assuming an explosion date of 2007 February 
14 UT or JD-2454145.5.'' All flux densities are 
given as la (rms). 




Fig. 1.— Color image of NGC 1187 with SN 2007Y indicated. 
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Fig. 2. — Observed ultraviolet, optical, and near-infrared early-time light curves of SN 2007Y plotted as a function of time since bolometric 
maximum. The light curves have been shifted in the y-direction for clarity. 
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Fig. 3. — Late phase VLT BVRIJsH photometry plotted with eaxly-time BVr'i'JH light curves vs. time since Ln 
have been shifted in the y-direction for clarity as indicated. Up side down triangles are 3<t upper limits. 
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Fig. 4. — Spectroscopic sequence of SN 2007Y ranging from —14 to +270 days past Lmax- Each spectrum is plotted in a logarithmic (fv) 
scale. The spectra have been shifted below the day — 14 spectrum by an arbitrary amount for presentation. The labels on the right indicate 
the phase with respect to Lmax- Each spectrum has been corrected to the rest frame of SN 2007Y adopting the redshift z=0.00463. 
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20 

Days since B 

' max 

Fig. 5.— (u' - B)obs and {B - V)ahs color curves of SN 2007Y (red filled circles), SN 2008ax (green triangles), SN 2008aq (blue squares), 
and the [B — y)obs color curve of SN 1999ex (black circles) . 
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Fig. 6.— Comparison of the B- and V-band light curves of SN 2007Y to those of SNe 19941, 1998bw, 2005bf and 2006aj. The light curves 
of the comparison SNe Ib/c have been shifted to match the time and value of Lmax for SN 2007Y. Light curves of SNe 1998bw and 2006aj 
have been corrected for time dilation. Photometry of SN 2006aj has had the host galaxy contribution removed. SN 2007Y rises similar 
to SN 1998bw, however, after maximum it evolves significantly faster. After ~2 weeks past maximum the rate of decline in SN 2007Y 
weakened causing the V band to match again SN 1998bw. The first peak in SN 2005bf has a similar rise compared to SN 2007Y, but then 
evolves to another brighter secondary peak. 
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Fig. 7. — Comparison of the bolometric (UVOIR) light curves of SN 2007Y (red filled circles) with the SNe lb 1999ex (blue diamonds), 
2005bf (orange stars), 2008D (green crosses), and the SN lib 1993J (yellow triangles). A reddening of E{B-V) = 0.112 mag and a distance 
of 19.31 Mpc have been adopted to place the UVOIR light curve of SN 2007Y on an absolute flux scale. Note that the last four epochs of 
SN 2007Y do not include any contribution from the ultraviolet. 
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Fig. 8. — Distribution of flux as a function of time in three wavelength regimes. FiUed blue circles represent the flux blue-wards of the 
atmospheric cutoff (3150 A), filled green triangles the optical flux, and filled red squares the near-infrared to 2.5 fi) contribution. 
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Fig. 9.— 



Velocity at maximum absorption of prominent ions in the spectra of SN 2007Y. 
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4000 5000 6000 7000 8000 9000 10000 
Rest Wavelength [A] 

Fig. 10. — Comparison of similar epoch spectra of SN 2007Y (blue) and SN 2005bf (black) l|Folatelli et al.l[200^ . Labels in parentheses to 
the right of each spectrum indicated days from Lmax- In the case of SN 2005bf the time is with respect to its first maximum. The spectra 
are remarkably similar and have nearly an identical evolution. Ions responsible for some of the main features are indicated. Normal dash 
vertical line corresponds to He I AA4472, 5876, 6678, 7065, 7181; dotted lines are Ha and H/3, and high- and low- velocity components of 
Ca II are represented by dot-dashed and long dashed lines, respectively. Telluric features are indicated with an Earth symbol. Note that 
the first spectrum of SN 2007Y has been smoothed by averaging over 3 pixels. 
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Fig. 11. — Prominent emission lines, in velocity space, from the day +270 nebular spectrum. The rest wavelength of each line is marked 
by a vertical dashed line. No major asymmetries or blue-shifts are present. 
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Fig. 12.— A comparison of similar phase nebular spectra of SN 1993J (jBarbon et aU TdMl. SN 1996N fSoUerman ct al."1998l), and 
SN 2007Y. The wavelength scale has been corrected for the redshift to the host galaxy of each supernovae. Prominent emission features 
are identified. 



The Type lb supernova 2007Y 



27 




4000 5000 6000 7000 8000 9000 
Rest Wavelength [A] 



Fig. 13. — Nebular spectra obtained on day +230 and +270 compared to synthetic spectra (dotted line). 
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lQ-3 h I ■ ■ ' 




Shock Velocity (km s ^) 

Fig. 14. — The two-dimensional Vs — M parameter space. Combining constraints on the photospheric velocity derived from the early 
phase spectra and the upper limits from radio observations we find a mass-loss rate of the progenitor star to be M < 10~® Mq yr~^. 
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Fig. 15. — Comparison of physical parameters for a set of core collapse supernovae. Upper panel is the kinetic energy of the explosion and 
lower panel is the ejected ^^Ni-mass vs. the estimated ZAMS mass of the progenitor stars. Blue filled circles are normal Type Ib/c SNe, 
black filled squares are Type Ic hypernovae, and green filled traingles are Type II SNe. Parameters of th e comparison supernovae are take n 
from the literature; SN 1987A: standard values; SN 1993J: standard values; SN 19941: Sauer et al." (2006'); SN 1997D: Turatto et al. (1998) 
SN 1997ef: fMazzaU et al. (2004); SN 1998bw: Mazzah ct al. (200lj; SN 1999br: Zampieri et al. (2003); SN 2002ap Mazzali et al. (2007b) 
SN 2003dh: MazzaU et al. (2001); SN 20031w: [Mazzah et al.l (I2006ar) : SN 2005bf: iTominaga et al.li2005fl ; SN 2006ai: IMazzaU et al.l (I2006bl) 
SN 2008D: [Mazzah ct al. (2008). 



